Type 1 diabetes (T1D) is a chronic metabolic disorder characterised by the autoimmune 24 destruction of insulin-producing pancreatic islet beta cells in genetically predisposed 25 individuals. Genome-wide association studies (GWAS) have identified over 60 risk loci across 26 the human genome, marked by single nucleotide polymorphisms (SNPs), which confer genetic 27 predisposition to T1D. There is increasing evidence that disease-associated SNPs can alter gene 28 expression through spatial interactions that involve distal loci, in a tissue-and development-29 specific manner. Here, we used three-dimensional (3D) genome organization data to identify 30 genes that physically co-localized with DNA regions that contained T1D-associated SNPs in 31 the nucleus. Analysis of these SNP-gene pairs using the Genotype-Tissue Expression database 32 identified a subset of SNPs that significantly affected gene expression. We identified 298 33 spatially regulated genes including HLA-DRB1, LAT, MICA, BTN3A2, CTLA4, CD226, 34 NOTCH1, TRIM26, CLEC2B, TYK2, and FLRT3, which exhibit tissue-specific effects in 35 multiple tissues. We observed that the T1D-associated variants interconnect through networks 36 that form part of the immune regulatory pathways, including immune-cell activation, cytokine 37 signalling, and programmed cell death protein-1 (PD-1). These pathways have been implicated 38 in the pancreatic beta-cell inflammation and destruction as observed in T1D. Our results 39 demonstrate that T1D-associated variants contribute to adaptive immune signalling, and 40 immune-cell proliferation and activation through tissue and cell-type specific regulatory 41 networks.
Introduction 63
Type 1 diabetes (T1D) is a chronic immune-mediated disease characterised by the progressive 64 loss of insulin-secreting pancreatic beta-cells, and the incidence is slowly rising worldwide [1] . There is a possibility that the T1D-associated SNPs located across the HLA locus are associated 135 with the transcript levels of multiple genes or that they combine to regulate the expression of a 136 single strong risk allele. To distinguish between these two possibilities, we analysed the linkage 137 disequilibrium (LD) profile for the HLA based SNPs amongst people with Western European 138 ancestry (CEU). We observed maximal linkage scores of R 2 ≤0.6 ( Fig 2A) . An R 2 >0.8 is 139 generally accepted as indicating robust linkage [26] . Therefore, the linkage we observed 140 between the SNPs we tested was relatively weak (R 2 ≤0.6). The inter-eQTL LD we observed is 141 consistent with the majority of the T1D-associated SNPs contributing to the development of 142 disease independently. However, even within the low levels of LD we observed, it is notable 143 that there are two predominant examples of long-distance LD between rs1980493-rs1270942, 144 and rs1270942-rs2647044/rs1980493-rs2647044 (Fig 2A) . Long-distance LD has been 145 characterised across the human genome and previously hypothesized to be associated with gene The role of genome structure in gene regulation is widely considered to be represented in the 148 local chromosome structure observed within topologically associating domains (TADs), 149 chromosomal regions which physically interact frequently more than their genomic neighbours 150 [28] . Therefore, we determined how the HLA eQTLs were positioned with respect to TADs 151 and local chromatin structure within human lymphoblastoid cell line GM12878, at 10kb 152 resolution ( Fig 2B) . The GM12878 lymphoblastoid cell line was used to examine the three-153 dimensional genome architecture as it has the densest contact map, containing approximately 154 4.9 billion Hi-C captured contacts [15] . Significant eQTLs involving rs2523989, rs886424, 155 rs2251396, rs2857595, rs1980493, rs1015166 occurred within TADs that were located across 156 the HLA class I, II, and III regions ( Fig 2B) .
157
Variants rs9268645 and rs1270942 were located at or in close proximity to the TAD boundaries 158 ( Fig 2B) . TAD boundary sites have been reported to contain elevated levels of the transcription 159 factor CCCTC-binding factor (CTCF), which is known to act as a chromatin insulator to inhibit 160 transcription and mark transcriptional domain borders [29] . Notably, rs1270942 spatially 161 regulates the expression of genes in both the HLA class I and II regions. Moreover, rs9268645 162 falls in a boundary region and is an eQTL for HLA-DRB1, whose expression was previously 163 reported to involve regulation by CTCF through long-distance chromatin looping [30] .
164
Three SNPs (rs2524054, rs9272346, and rs2647044) were not found to be involved in eQTLs 165 ( Fig 2B) . Notably, while rs9272346 and rs2524054 fall within coding regions, rs2647044 is Expression QTLs contribute to tissue-specific effects in autoimmune T1D 173 We hypothesised that disease-relevant biological processes fundamentally depended on mRNA 174 levels, with the cross-tissue variability of gene expression providing an important avenue for 175 understanding disease aetiologies. Therefore, we analysed the tissue-specific contributions of 176 T1D-associated eQTLs to tissues. Consistent with our hypothesis, eQTL effects were 177 distributed differently across human tissues ( Fig 3A) , with tibial artery and lower leg skin (i.e. 178 both tissues have been linked to peripheral arterial disease in diabetic patients [31, 32] ) having 179 the highest proportion; while brain substantia nigra having the lowest proportion of eQTLs (S1 We compared the proportions of HLA and non-HLA associated eQTLs across different tissues 182 and identified two tissue groups (group 1 and 2) that were located one SD from the mean (HLA: 183 total eQTL percentage of 28.16 ± 8.79) ( Fig 3B) . Analysis of the eGenes within these groups, associated eQTL effects (either HLA or non-HLA associated; Fig 3B) , which is consistent with 192 multiple tissues and specific biological pathways impacting on T1D progression [33] . HLA haplotypes combining to influence T1D risk through co-regulation ( Fig 2B) . It remains 212 to be determined if the T1D-associated genetic variants within the HLA locus disrupt the 213 coordinated chromatin configuration [34] . However, long-distance regulation involving 214 regulatory loci at TAD boundaries in the HLA locus has been observed previously [30, 36] .
215
Future work should use CRISPR-Cas or Degron based strategies [37, 38] to empirically confirm 216 the mechanisms by which genetic variations at these loci results in transcriptional changes in 217 order to enable the development of targeted therapeutic or prognostic approaches.
218
Studies have identified the HLA class II region as a recombination hotspot, resulting in a 219 disrupted LD pattern for a region that is known to exhibit robust linkage [39, 40] . Population 
241
Aberrant expression of IFN-γ is associated with a pathogenic role in T1D [48] . Therefore, it 242 was significant that we observed that BTN3A2 transcript levels were linked to rs886424, by a 243 spatial trans-eQTL, in 32 tissues. We also observed that rs3184504 is associated with trans-244 regulation of ARHGAP42 (a member of the Rho GTPase activating proteins) transcript levels. involving spatial co-localization of genes and regulatory elements. Such regulations have 250 previously been associated with tissue-specific gene control [12] . Notably, we observed 66 251 trans-regulatory interactions that tended to occur in a tissue-specific manner. As such, we 252 contend that trans-acting variants are involved in a multifactorial process that enhances 253 discovery of previously unrecognized connections between genes, which is fundamental in 254 elucidating networks and pathways, as well as mechanisms of T1D development.
255
Immune-regulatory mechanisms operate within tolerance ranges, and if not properly regulated 256 they can promote autoimmune reactions. It is therefore intriguing that T1D-associated genetic 257 variants spatially contribute to distinct overlapping regulatory networks that have the potential Regulatory SNP-gene interactions and eQTLs analyses 277 We identified genes whose transcript levels depend on the identity of the T1D-associated SNP 278 using the CoDeS3D algorithm (GitHub, https://github.com/alcamerone/codes3d) [12] .
279
Initially, the modular python scripts that comprise CoDeS3D use high-resolution Hi-C data
280
[15] to identify spatial co-localization of two DNA regions, one of which is marked by a SNP. Gene Ontology (GO) and pathway analysis 295 We used Gene Ontology (GO; http://www.geneontology.org/) and the Reactome Pathway 296 Database (version 64, https://reactome.org/) to annotate significant eGenes (genes regulated by 297 loci marked by the eQTL SNPs) for biological and functional enrichment [20] [21] [22] [23] . The authors would like to thank Keith Godfrey for comments on this manuscript. 
